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In photovoltaic (PV) systems, maximum power point tracking (MPPT)
techniques are used to track the maximum power from the PV array under
the change in irradiance and temperature conditions. The perturb and observe
(P&O) is one of the most widely used MPPT techniques in recent times due
to its simple implementation and improved performance. However, the P&O
has limitations such as oscillation around the MPP during which time the
P&O algorithm will become confused due to rapidly changing atmospheric
conditions. To overcome the above limitation, this paper uses the fuzzy logic
controller (FLC) to track the maximum power from the PV system under
different irradiance, integrates it with a DC-DC boost converter as a tracker.
The result of the FLC performance is compared with the traditional P&O
method and shows the MPPT algorithm based on FLC ensures continuous
tracking of the maximum power within a short period compared with the

traditional P&O method. Besides that, the proposed method (FLC) has a
faster dynamic response and low oscillations at the operating point around
the MPP under steady-state conditions and dynamic change in irradiance.
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1. INTRODUCTION

Currently, there is a high demand for developing a non-polluting, alternative and renewable source
of energy in the universe. The potentiality of utilising renewable energy sources (solar or wind energy)
promises a valuable source of renewable energy. Generating electric power from the solar photovoltaic (PV)
panels depends on different factors such as the panel temperature, operating conditions, presence of shadow,
and solar irradiance, among others. Sunlight is the leading environmental source of supplying solar energy
due to many nuclear reactions that take place on the sun’s surface. This type of energy is perhaps the most
well-known renewable resource that is most exploited. Many current technologies extract electrical energy
from solar irradiations. The devices that can convert sunlight to electric power are called PV [1].

These PV cells generate energy from sunlight. When the photons contact with the PV cells, the PV
cells release electrons, and when the cell was connected to the circuit, electric energy will be generated. Solar
technology uses passive and active techniques to convert sunlight into useful energy [2]. The PV cells exhibit
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non-linear 1-V characteristics. The maximum power could be tracked from PV panels if it is operated at the
maximum power point (MPP). Various techniques are utilised to track the maximum power by operating
these panels at the MPP. Such techniques are described as MPP tracking (MPPT) methods.

MPPT techniques were used to run the PV modules on the maximum power, which were classified
as (1) conventional methods (2) soft computing methods. The conventional MPPT methods include the P&O
[3-6], incremental conductance [7-10], fractional short circuit current [11, 12] and the fractional open circuit
voltage [13,14]. These conventional MPPT processes were very effective under uniform and steady
environmental conditions. In the case of the PV systems that operate under uniform conditions, it exhibits
one MPP, and it may get the change to identify multiple peaks due to changes in irradiation and temperature
conditions.

The MPP can be determined using conventional processes. These techniques show continuous
oscillation around the MPP, which leads to power loss. The traditional MPPT cannot track the global MPP
under non-uniform conditions and cannot handle the partial shading conditions [15]. The major drawbacks of
conventional MPPT methods can be resolved using soft computing processes. Some of the primary principles
of these soft computing methods include uncertainty, robustness, and partial truth. The soft computing
methods can handle the non-linear issues, and offer better solutions for the MPPT [16]. The widely used soft
computing processes are particle swarm optimization [17-20], artificial neural network [21, 22]and the fuzzy
logic controller [23-25].

The perturb and observe (P&O) algorithm is used extensively owing to its low computational
demand, simple implementation and less cost. Further, under varying atmospheric conditions, the P&O
algorithm produces oscillations around the MPP. On the other hand, during rapid change in the irradiance,
the algorithm shifted away from the MPP and produces huge power drop of the available energy. In such a
case, the algorithm could not differentiate between the numerous variations seen in the output power as
caused by its voltage perturbation or rapid irradiation changes. Thus, some changes had to be made in the
algorithm to overcome these problems [26].

In recent years, fuzzy logic controllers (FLC) were used to control the small and smooth fluctuations
in the signals which led to steady-state conditions [27]. These required few computation steps, which raises
the efficiency and speed of the technique. The FLCs can maintain the MPP under different irradiation values
[28].

In this paper, the authors proposed an innovative using FLC by developing an MPPT algorithm for
the PV system. The proposed technique is evaluated under the steady-state and dynamic shade conditions.
Further, tracking speed after that the FLC algorithm performance is compared with the traditional P&O
algorithm to show the superiority of the method.

2. MATHEMATICAL MODEL OF APV CELL

Many models have been described to achieve the properties of the PV cell, i.e. the single diode
model [29], double diode model [30] and three diode models [31]. These models are developed based on
mathematical equations [32] that use similar circuit equations as those used by the PV cells. These equations
trade accuracy for complexity. A single diode model is one of the simplest models; it is based on the single
current source and the diode. This model is extended to develop a double exponential model having shunt
resistances and equivalent series. In this work, we use a standard single exponential model that includes shunt
resistance as shown in Figure 1 [33].
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Figure 1. Equivalent solar PV circuit model with a series, shunt resistor and single diode

The current, Iy, is the photocurrent in the cell; I, is the PV saturation current; while Rs and Rsp
represent the series resistances and intrinsic shunt, respectively. The Rs is generally neglected for simplicity
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in analysis as the Rs, value is larger than Rs value. To increase the current and voltage, the PV cells are
connected in series and parallel to form the module. When the modules are connected in a parallel-series
configuration, it can be treated as the PV array. In (1-4) describe the mathematical module of the
PV panel [34].

The PV photocurrent, Ipn, is determined as:

. s
In = [see + Ki (T = T)] * o 1

The reverse saturation, Irs, is calculated as:

Ly = W (2

NSKAT.

The PV saturation current, Is, is determined as:
T E, 1 1
Iy = L[ Pexp |2 (7~ 7)] @3)
The PV output current, Iy, is estimated as:

lpw = Np*L, — Np*l,y [exp {522} — 1] 4)

The nonlinear equation of PV characteristic depends on the temperature and irradiance of the solar
cell. Under standard test conditions where the cell temperature is 25°C and the irradiance is 1000W/m?, the
PV module manufacturers ysuany receive specified data as references. The characteristic curves are shown in
Figure 2 (a), Figure 2 (b) and Figure 3(a), Figure 3(b). Figure 2 illustrates the 1-V and P-V characteristic
curves under differing irradiance conditions and Figure 3 illustrates the I-V and P-V characteristic curves
under differing temperatures.

10— 1000 WM~ 4 1000 1000 Wim?
) 750 Wim?

B e 750 Wi 1 800 b X
z g ———— 500 Wim
E I —— soowim? 5 SO —— 250 Wim?
3 g
o 1 Q. 400

250 Wim?
2 \ 1 200
o 0 i i
1 1 b
’ * Voltage (V) o 5 (1] 50 100 150
Voltage (V)
(@ (b)

Figure 2. The characteristic curves for different irradiances; (a) 1-V characteristic (b) P-V characteristic
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Figure 3. The characteristics curves for different temperatures; (2) I-V characteristic (b) P-V characteristic
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The authors used the JWP 250W DESERT (HIP Solar GmbH, Germany) solar PV module in this
work to carry-out the experimentations. Four solar panels are connected in the 4 x 1 (S x P) configuration to
form a PV array with output power 1KW. Table 1 shows the parameters of specifications of the PV array and
module. Figure 4 presents the block diagram of a complete PV system configuration including the
MPPT controller.

Table 1. The parameters of specifications of the JWP 250W DESERT module and array

Parameters Module PV array (4*1)
Maximum power point (Pppp) 250 W 1000 W
Maximum current (Igp) 8.30 A 830 A
Voltage maximum (Vmpp) 30.12 vV 1205 A
Short-circuit current (ls) 9.20 A 9.20 A
Open-circuit voltage (Voc) 3710V 148.4V
Temperature coefficient of Vi -0.118 VIC -0.118 V/C
Temperature coefficient of I 0.065A/C 0.065A/C
Number of cells 60 240
I~
| () ]
PV DC-DC o
array Converter o8
[ -

d(b

PWM modulator

X = drer (1)

FLC MPPT

Figure 4. Block diagram describing the PV system

3. DC-DC BOOST CONVERTER

A DC-DC boost converter is utilised in the PV system as it is an adaptable and efficient MPPT
controller. This converter has helped to control a voltage output that is higher than the voltage input.
Figure 5 shows the transistor in the DC-DC boost converter, which regulates the enhanced processing by the
controller. A MOSFET transistor was utilized in this converter. In (5) defines the circuit’s voltage
gain [35].

Vo _ 1
v,  (1+D) ®)

PV

Figure 5. Circuit diagram of the DC-DC boost converter
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Where: V,: converter output voltage, Vi: converter input voltage, D: duty cycle. DC-DC boost
converter that is controlled by the gate driver circuit. The working principle of the DC-DC boost converter
can be divided into two parts. The first part is when MOSFET was switched ON; the inductor (L) current
direction flowed in reverse while the inductor stored the energy and generated a magnetic field, whereas the
output capacitor (C,) transferred the energy to an inverter. In the second part, the transistor was switched
OFF, wherein the main source and energy would be connected in series [36]. The DC-DC boost converter
design employed in this study is specified in Table. 2

Table 2. The parameters of the DC-DC hoost converter

Elements Values
Inductor 332.625 puH
MOSFET 1RF P460
Power Diode IN 5408
Capacitor, C, 9.125 pf
Resistive Load 200 Q
Frequency 20 kHz
Input capacitance, C; 5mF

4. MPPT FUZZY LOGIC CONTROLLER

The proposed FLC technique is used to overcome common drawbacks of the conventional MPPT
technique like the loss of tracking during dynamic changes in irradiance and oscillation during steady-state
conditions. FLC is one of the most effective control techniques and has attracted a lot of interest in a wide
range of applications. The FLC is utilised to improve the performance of the MPPT in PV systems by
enhancing its tracking capability to deal with the non-linearity characteristics of the PV array. For this
purpose, the duty-cycle of the boost converter is controlled by the FLC rules, if the perturbation in the duty
cycle increased the power, the next direction of perturbation must be moved in the same direction. On the
other hand, if the power is decreased, the direction of the duty cycle perturbation should be in the
opposite direction.

Figure 6 presents the flowchart for the FLC algorithm. This algorithm was based on three major
steps, i.e., (1) fuzzification, (2) inference and, (3) defuzzification. In the case of fuzzification, this algorithm
substituted the numerical input value into the linguistic variables that are presented as the membership
functions. Thereafter, the inference step relates the output and input information, whereas the defuzzification
step transformed the output information into a numerical value [37].

§
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2
Yoy — 2
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Figure 6. Steps involved in the Fuzzy logic algorithm

In this work, the Slope of P-V (the error) and the Variation of Slope (change of error) are utilised as
input values (S(k) and AS(K)) for the FLC system. The error (S(k)) and the change of error (AS(k)) in the PV
modules are used as fuzzy input variables. These variables are expressed as follows:

_ APpy _ Ipy(K)Vpy(K)=Ipy(k-1)Vpy(k-1)
St = AVpy Vpy(k)=Vpy(k—-1) ©)
AS(k) =S(k) —S(k—-1) @)

Figure 7 presents the database which is used for the fuzzy rules that are based on input variables for
fuzzy. A 5-term fuzzy set of variables, i.e., Negative Big (NB), Negative Small (NS), Zero (ZE), Positive Big
(PB) and Positive Small (PS) are employed to describe every linguistic variable. The outputs from the fuzzy
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controller (i.e., duty cycle ratio command of a boost converter) changed the output current and voltage values
of a PV module. After these values are changed, they will affect the fuzzy input variables values of the
second set. Thereafter, the output commands will be re-adjusted by the controller. The fuzzy logic system
also stated that the selection of the domain including the input and output values (i.e., the universe of
discourse) would significantly affect the results, hence, appropriate designs have to be implemented. A few
guidelines which help in defining the membership functions such as: (1) Defining the limitations between the
NB and PB regions based on the characteristics of all input variables; (2) ZE range was based on the
specified MPPT objective (efficiency criteria); and (3) Limitations of the PM and NM were determined after
selecting the PB,
NB and ZE boundaries. A few design iterations were necessary for acquiring satisfactory results.
Figure 8(a), Figure 8(b) and Figure 8(c) describe the input and output fuzzy logic
membership functions.

S(k)

Fuzzy Rule
NB |7zE PEB [/ Ps 4|/ ZE | NB
NS || PB Ps ZE ZE NB
AS(k)| ZE | PB PS ZE | Ns | NB
BS | pB ZE ZE NS | NB
EB | PB | ZE /|\ NS |.NB | ZE,

l v v
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P
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Figure 7. Fuzzy rules used for the error and changes of error used as inputs
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Figure 8. The membership functions used for (a) Error S(k) (b) Change of error AS(k) (c) Duty cycle AD
Figure. 9 presents the MATLAB/Simulink® model of the MPPT controller. The block diagram for
an MPPT is based on the method proposed in this study. This model includes the initial duty cycle, where the
PV array voltage and current are measured and power is estimated. Figure 10 depicts the model that has been
implemented using MATLAB/Simulink®

Display2

N NGD)
N 1A M R
Saturation2 PV Generator

Fuzzy Logic
Controller (Dc-0e)

Scope

Ir1

Figure 10. Modelling systems through simulink environment

5. RESULTS AND DISCUSSION

The tracking abilities of the proposed FLC-MPPT algorithm is examined under two conditions, i.e.,
(1) steady-state conditions; and (2) dynamic changes in the irradiance. Thereafter, the performance of the
proposed algorithm is examined with the traditional P&O algorithm.

5.1. Performance under steady-state conditions

At irradiance of 900 W/m? as shown in Figure 11(a), Figure 11(b) and Figure 11(c), the output
power from the PV array is 902.76 W. In this case, the proposed FLC-MPPT algorithm succeeded to make
the operating point of the system at the maximum point within 0.082 sec.

The tracking performance of the traditional P&O method at the irradiance value of 900 W/m?
achieved the MPP within 0.151sec. The results show that the proposed FLC-MPPT technique incurred fewer
oscillations, a stable operating point and the proposed FLC-MPPT algorithm possessed higher accuracy than
the P&O method when it is operated at the MPP value.

At irradiance of 600W/m? as shown in Figure 12(a), Figure 12(b) and Figure 12(c), the proposed
FLC successfully tracked the MPP within 0.137 sec. The power extracted from the PV array under this
irradiance is 604.937 W
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Figure 11. Tracking performance of the FLC-MPPT and P&O technique at an irradiance of 900 W/m?
(a) Current (A) (b) Voltage (V) (c) Power (W)
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Figure 12. Tracking performance of the FLC-MPPT and P&O technique at an irradiance of 600 W/m?
(a) Current (A) (b) Voltage (V) (c) Power (W)

The conventional P&O algorithm successfully tracked the MPP within 0.244 sec for the irradiance
of 600 W/m2. The extracted power from the PV array under this irradiance is 604.937 W. In this test, P&O
needs more time than the previous condition because the step-size value is smaller. Table 3 presents the
comparison of the tracking results derived after a comparative evaluation of the proposed FLC-MPPT and
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traditional P&O techniques. This performance is compared with regards to the harvesting power, the time
required for reaching the maximum power under the steady-state conditions.
Table 3. Comparison of the tracking results for the proposed FLC-MPPT and the conventional P&O methods

Irradiance MPPT Algorithm Theoretical maximum Extracted Power Time of tracking
power
900 W/m?  Proposed FLC method 903 W 902.764 W 0.082 s
P&O method 903 W 902.764 W 0.151s
600 W/m?  Proposed FLC method 605 W 604.937 W 0.137s
P&O method 605 W 604.937 W 0.244 s

5.2. Performance analysis dynamic change in irradiance condition

In the first case, as can be seen in Figure 13(a), Figure 13(b)and Figure 13(c), the irradiance starts at
600 W/m? until 0.5 seconds. In the 0.5 second, there was a one-step change from 600 W/m2 to 800 W/m2,
and on the one-second, another step change from 800 W/m? to 1000 W/m?2. The proposed FLC method and
P&O technique are tested under an irradiance profile shown in Figure 14.
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Figure 13. Tracking the performance of the FLC-MPPT and P&O technique under dynamic changes
occurring in the irradiance at the step-up changes of 200 W/m? (a) Current (A) (b) Voltage (V)
(c) Power (W)
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Irradiance W/m?

0.2 04 0 [} 1 1 14 16 18
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Figure 14. An irradiance profile for dynamic test

For the proposed FLC method, the MPP tracking time is only 0.137 sec and the power extracted is
604.937 W. After step-changing to the 800 W/m?, the MPP is reached within 0.009 sec and the power
extracted of 804.518W. For 1000 W/m?, the power extracted is 999.708 within 0.009 sec. And for the
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conventional P&O method, the tracking time of 600 W/m? irradiance is 0.244 sec for the 800W/m? irradiance
is 0.025sec and 0.085 for the1000 W/m? irradiance. The output power from the PV array is 595W for the 600
W/m? irradiances, 796.12 W for the 800 W/m? irradiances and 995.76W within 0.085 sec for 1000 W/m?
irradiance conditions. As observed from Figure 14, the tracking performance using the proposed FLC method
is faster and more stable than the conventional P&O method. Table 4 illustrates a comparison of the tracking
results seen after applying the proposed FLC and conventional P&O methods when the irradiance is
subjected to a step-up of 200 W/m?. The second case of the dynamic change in irradiance test is a sudden
step-down in irradiance, as shown in Figure 15.

In this case, the irradiance decreases by a step of 200W/m? for five-time starting from 1000 W/m?
until 200 W/m?. The performance tracking of the proposed FLC method and conventional P&O method can
be observed from the output power scheme illustrated in Figures 16(a), Figures 16(b) and Figures 16(c).

Table 4. Comparison of the tracking results seen after applying the proposed FLC and conventional P&O
methods when the irradiance is subjected to a step-up of 200 W/m?

A step-change in Irradiance From- to From- to
600 - 800 W/m? 800-1000 W/m?
Theory 800 W 1000 W
Extracted power 804.514 W Extracted power 999.708 W
Proposed FLC method Trackingptime 0.009 s TrackingF;ime 0.009 s
Extracted power 804.518 W Extracted power 999.760 W
P&O method Tracking time 0.025 s Tracking time 0.085s
1000
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L] 03 1 15 2 2.3 ) 35 43 5
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Figure 15. Step-down sudden changes occurring in the irradiance

10 T 140
8 :\I ANAVANAYAY] 120
. l'/ Yy 'r"\ Annon — Curent of P&O algorithm 100
< NS e Current of FLC algori =
g AV AV AV YA gn & Voltage of P&O algorithm
[ ] &0 Voltage of FLC algorithm
= =
3 Ve VaVe %
2 S 20
0 0 ) ’ . : : ,
0 05 1 15 2 25 3 35 4 45 5 b o5 1 W5 2 & 3 A 4 45§
Time (seconds) Time (seconds)
(a) (b)
1000 17 I I I I I Power of P&O algorithm
Power of FLC algorithm
~ 800 TV
% 600
:
o 400
o
200
0 I ! L L I I L I L
0 0.5 1 1.5 2 25 3 35 4 4.5 5
Time (seconds)
(©

Optimal extraction of photovoltaic energy using fuzzy logic control for ... (Kadhim Hamzah Chalok)



1638 0O ISSN: 2088-8694

Figure 16. Tracking the performance of the FLC-MPPT and P&O technique under dynamic changes
occurring in the irradiance at the step-down changes of 200 W/m?; (a) Current (A) (b) Voltage (V)
(c) Power (W)

It is evident that the algorithm based on the proposed method can track the irradiance profile
comprehensively with minimum oscillation at the beginning of the procedure and without losing the tracking.
On the other hand, the amplitude of the oscillation of the conventional P&O method is continuous.
Furthermore, the conventional P&O method incurs time lost in its tracking direction.

6. CONCLUSION

In this paper, an MPPT based on the fuzzy logic algorithm is developed. The mathematical model
of the PV array has been extensively described. The DC-DC boost converter model and MPPT based FLC
have been developed through Matlab simulation package. To validate the design of the proposed MPPT,
simulation works under several irradiance conditions i.e. dynamic change and steady-states have been
conducted. The results showed superior performance as compared to the conventional P&O method. The
FLC algorithm proposed in this paper has eliminate the steady-state oscillation at the output side of the PV.
Furthermore, it was shown that the proposed FLC algorithm extracts a higher amount of power than the
conventional P&O techniques in a short period when the irradiance underwent steady-state and dynamic
changes.
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